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Warping, which is defined as the out-of-plane deformation of an initially flat panel, is a longstanding 
problem associated w ~ t h  secondary ~nanufacturing processes in the wood panel industries. The mechanism 
o l  warping i \  \till not fully understood. Unlike previous modeling, this study has developed a new two- 
di~nensional warping   nod el based on mechanics of layered composite\. Wood composite panel is regarded 
a\ a ~nultilayered composite material in which each layer has different properties, especially when they ex- 
pcricnce moisture gradient through their thickness. Detailed model development and computer simulation 
results arc presented. Panel pararnetcrs such as thickness. MOE, LE, Poisson's ratio, shear modulus, den- 
sity. and orientation of layer were simulated; and quantitative relationships between these parameters and 
warp were presented. The results should provide a better understanding of wood co~nposite warp. 
Kc\ ,u~~,r l .c :  MOE. Poisson's ratio, density, warp, wood composite, layered. simulation 
I N  I KOL)UCTION Heebink et al. (1964) developed a one- 
Warping is defined as the out-of-plane defor- 
mation of a panel from an initially flat condition 
(Suchsland and McNatt 1986). Warping of wood- 
based composites is a long-standing problem as- 
sociated with secondary manufacturing processes 
in  the wood panel industries. Severe warping of 
finished products has the potential to significantly 
increase the cost of manufacturing and lower 
the consumer's confidence in using wood com- 
posites. The Composite Panel Association (pre- 
viously called the National Particleboard 
Association) considers warp to be the leading 
technical problern requiring further investigation 
(National Particleboard Association 1996). 
->Member of SWST 
dimensional mathematical model by equating 
the strain (due to the changes in moisture content 
and temperature) to the strain (determined by the 
geometry of the panel). Many researchers (Nor- 
ris 1964; Suchsland and McNatt 1986; Suchs- 
land 1990; Suchsland et al. 1993 and 1995; Wu 
1999) have used the one-dimensional warping 
model to investigate warping problems in a num- 
ber of wood-based composites including parti- 
cleboard, laminated wood panels, veneered 
furniture panels, plywood, and medium density 
fiberboard (MDF). While this model has evolved 
and found continued use, it does not include the 
effect of lateral strain. Lateral strain is usually 
determined through Poisson's ratio and needs to 
be considered for a two-dimensional (plane) 
panel. To model warping in two dimensions, the 
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finite element method (FEM) was introduced 
(Tong and Suchsland 1993; Cloutier et al. 2001). 
The more recent work by Cloutier et al. (2001) 
used FEM to model an MDF panel based on 
unsteady-state moisture transfer and mechanical 
equilibrium. Differing wood composites require 
the selection of different elements. 
Composite wood panels can be regarded as a 
multilayered composite material, where each 
layer has a unique set of physical properties. Indi- 
vidual layers can be approximated as an or- 
thotropic material having two principal directions. 
Sun (1994) showed that the behavior of wood 
composites can be modeled using the mechanics 
of layered composites. Nevertheless, the mechan- 
ical relations that govern the behavior of layered 
composites have not been applied to the warping 
problem. The goal of this study is to investigate 
and model the warping mechanism of wood com- 
posites using the theory of mechanics in layered 
composites and thus provide insight into under- 
standing the structure and physical properties of 
wood and wood composites. A better means to 
model warp will provide new knowledge to help 
minimize warp in wood composites. 
MECHANICS O F  LAYERED COMPOSITES 
The mechanical behavior of layered compos- 
ite materials is quite different from that of most 
common engineering materials that are homoge- 
neous and isotropic. The makeup and physical 
properties of layered composites vary with loca- 
tion and orientation of the principal axes. Wood 
has unique and independent mechanical proper- 
ties in the directions of three mutually perpen- 
dicular axes, so i t  may be described as an 
orthotropic material (Wood Handbook 1999). 
Figure 1 shows a typical thin wood veneer with 
two principal directions that are perpendicular to 
each other. For thin layers, a state of plane stress 
parallel to the laminate can be assumed with rea- 
sonable accuracy. The two-dimensional stress- 
strain equation is (Sun 1994): 
FIG. I .  Orthotropic characteristics of thin layer and its coordinates.  
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where 1 and 2 represent the two principal coordi- 
nate directions; El and E, are the moduli of elas- 
ticity along the two directions; o,,  and o,, are 
stresses along the two principal coordinates; o,, 
is the in-plane shear stress; G,, is the in-plane 
shear modulus; u,, is Poisson's ratio measuring 
contraction in the I-direction due to uniaxial 
loading in the 2-direction; u,, is Poisson's ratio 
measuring contraction in the 2-direction due to 
uniaxial loading in the 1-direction; E,, and E , ,  are 
strains along the two principal coordinates; and 
is the shear strain. The 3 X 3 matrix of elastic 
constants is usually denoted by: 
[Q] = [;I Qlz  ;2 Q,, :6(] 0 (2) 
Usually. during the construction of plywood, the 
grain orientation of each layer may be different. 
Figure 2 shows an example of 5-layer plywood. 
The principal grain directions of the second and 
fourth layers from the top k45" are from the 
overall coordinate x-y, respectively. The product 
is called [0/45/90/-45/01 balanced construction. 
Therefore, in stress analysis, if a coordinate sys- 
tem x-y is set up that does not coincide with the 
material principal axes 1-2 (the right side of 
Fig. I), the two sets of stress-strain components 
must be transformed to the two coordinates sys- 
tem. The two-dimensional stress-strain equation 
in x-y system is then 
where: 
cos2 0 sin2 2 sin 0 cos 0 
cos' 0 -2 sin 0 cos 0 
-sin 0 cos 0 sin 0 cos 0 cos2 0 - sin' 0 
cos2 0 sin2 0 sin 0 cos 0 
[Q][ sin' 0 cos' 0 - sin 0 cos 0 
-2sin0cosO 2sinOcosO c o s 2 8 - s i n 2 @  
A layered composite consists of a number of 
laminae with different orintations in the thickness 
direction (Fig. 2). To establish a constitutive 
equation for the composite, the stress and strain 
components of each layer must be transformed to 
the global x-y coordinates. For a uniform com- 
posite plate with thickness of h, the plate result- 
ant forces {N} and moments {M} are defined by 
and 
(6) 
where z is in the thickness direction. When a 
FIG. 2. An example of 5-layer composite with different plate consists of thin layers where 
grain orientations. each layer has different properties, the plate re- 
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sultant forces and moments will be summations 
of resultant forces and moments of each layer, 
respectively. Assuming the ith layer located at 
thickness region from z = z,., to z = z,, the plate 
resultant forces and moments of a composite 
with n layers will become: 
and 
Equation (3) describes the relationship between 
stresses and strains in the global x-y coordinate 
for a laminate. Because of the plate resultant 
forces and moments, the strains in the laminate 
include two major components. One is the in- 
plane strains including E:, &: and y:\. The other is 
out-plane strain due to the bending with the cur- 
vatures of K ~ ,  K, and K ~ ,  (Beer and Johnston 
1992). Equation (3) is then 
Since both in-plane and out-of-plane strains are 
independent of z, the integration in Eqs. (10) and 
(1 1) can be performed. The results can be com- 
bined into the following form, which is the con- 
stitutive equation for the composite. 
In addition to the external stresses (i.e., self- 
weight or restraint), wood composites some- 
times have experienced significant internal 
stresses due to thermal changes and moisture 
movements. Including the internal \tre\ses, Eq. 1:; = [Q1[[:i ] + I] (9) (12) becom 
ox, Ex, Kt \  
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Symbolically, Eq. ( 1  3 )  is expressed in the fol- 
lowing form: 
where {N}  are the plate resultant external forces; 
{M}  are the plate resultant external moments; 
{E"}  are the ~n-plane strain,: {K") are the curva- 
ture\ ot the mid-surface, and 
where r ,  i \  the thickness of the ith layer: ;, is the 
centroid of the ith layer: { W )  and { W )  are the 
date  internal forces and moments due to change 
u 
of temperature (A71 at thermal expansion coeffi- 
cient of {aT)  : { NH) and { MH) are the plate inter- 
nal forces and morilents due to change of 
moisture content (AH) at linear expansion coeffi- 
cient of { txH) . 
I f  both external and internal stresses and mo- 
ments ar-e determined, the composite plate defor- 
mations can be obtained from: 
For most wood composite panels, deformation 
or dimensional changes are mainly caused by the 
moisture movements. For free hygroscopical ex- 
pansion where there are no external stresses and 
thennal stresses ({N} = {M) = { N r )  = {N?} = {O}), 
Eq. (22) then becomes: 
Again, {E") are the in-plane strains, which de- 
termine the plate elongation; { Ic") are the curva- 
tures of the mid-surface, which determines the 
out-plane deformation (warping). The shear de- 
formations are in-plane and very small compar- 
ing to the plate elongations, so i t  is i~sually 
neglected. For a panel with dimension shown in 
Fig. 3 ,  the mid-span detlection along the y-axis 
( D J  and the mid-span deflection along the x- 
axis (D,) can be easily calculated based on the 
mathematic relationship (the right side of Fig. 3) .  
The center detlection (CD) of the panel. com- 
monly used for determining the warping, is then 
the summation of Q, and DY 
~ E ~ I  = A B - I  N + N ' + N ~  
[ B  [I] { M + M 7 - + M H  
--w- 
FIG. 3. Dinien\ion5 and mid-span detlection of ;I lamina. 
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to warp than thicker panels. While this may typi- 
cally be the case, a theoretical explanation has 
not been fully developed. To investigate this 
warping tendency, computer simulation was per- 
formed on a 4 X 8 ft board having ten layers. 
With the exception of thickness, all board char- 
acteristics (Table 1) were held constant during 
repeated simulations. Since the moisture change 
was so small, the properties were considered as 
unchanged during the simulation process. The 
center deflection (CD) of the board was recorded 
as panel thickness varied between 0.10 in. and 
1.00 in. (Fig. 5 ) .  The results show a hyperbolic 
relationship with rapidly increasing deflection 
below about 0.25 in. panel thickness. The hyper- 
bolic relationship reveals that the product of 
thickness (t) and CD is constant (Eq. 27). 
Under the same condition, if warping of a panel 
with a certain thickness is known, then the warp- 
ing of a panel (with the same properties except 
the thickness) with any thickness can be calcu- 
lated using Eq. (27). 
MOE gffect 
MOE is widely believed to have a significant 
effect on warp, namely, that a panel having higher 
included an MC gradient through the thickness to 
induce some warp that might be typical in a parti- 
cleboard panel (Table 1). This is a balanced con- 
struction that exhibits symmetric properties. 
When MOE values (both E, and E,) of each layer 
change at the same percentage rate, the CD of the 
panel remains unchanged (Fig. 6). However, if 
MOE values of each layer change unevenly due to 
sanding or laminating, the warping behavior 
would be different. Again, it is still assumed that a 
panel has the initial conditions shown in Table 1. 
When only MOE values of the top layer (which 
has prevailing MC changes) increase, the simula- 
tion result shown in Fig. 7 indicates that warping 
will increase too. When MOE values of the bot- 
tom layer (which has fewer MC changes) in- 
crease, the simulation result shown in Fig. 8 
indicates that warping will decrease. Therefore, it 
is observed that the MOE effect on warp depends 
on the location and magnitude of MOE changes. 
Generally, when MOE values of each layer 
change uniformly, there is no effect on warp; 
when MOE values of the layer that has prevailing 
MC changes increase, it also increases the internal 
out-of-plane moment that causes warping; but 
when MOE values of the layer that has fewer MC 
changes increase, it increases the stiffness and 
compensates for warping. 
MOE will be more resistant to warp. However, 
Linear expansion (LE) efSect this may not necessarily be the case. Computer 
simulations were performed to determine the ef- Linear expansion of wood composites usually 
fect of MOE on warping in a 10-layer board hav- includes thermal expansion and hygroscopic ex- 
ing dimensions of 4 X 8 ft. Initial conditions 
0 I 
o 0 2 0 4 o 6 o 8 MOE Change Rate (%) 
Thickness (in) A 
, -- 
FIG 5 Th~ckne\\  effect on warp 
FIG. 6.  Warping performance when MOE values change 
uniformly for layers. 
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MOE Change of  the Top Layer (%) 
Frc. 7 Warplng performance when only MOE value\ of 
the top layel change 
pansion as discussed previously. Both LEs per- 
form about the same way, and since hygroscopic 
expansion is more common and thermal expan- 
sion is relatively very small, only the effect of 
hygroscopic LE was simulated in this study. Hy- 
groscopic LE can be calculated using Eq. (28) 
(Wood Handbook 1999). 
L E = D X C X A M C  (28) 
where D is the sample length; C is LE coeffi- 
cient; and AMC is the change of MC. It is diffi- 
cult to determine practically the LE coefficient 
for each layer and investigate LE effect on warp- 
ing experimentally. Kelly (1977) did an exten- 
sive literature search on the relationship between 
board density and LE coefficients. He concluded 
that there was no statistically valid relationship 
between LE coefficient and overall density in 
particleboard. On the other hand, linear expan- 
sion coefficient is known to be related to particle 
geometry and alignment. 
Computer simulations were performed to ex- 
amine LE effect on warp. Table 2 shows the sim- 
ulation results of LE coefficient effect on warp 
performance under the same MC gradient. An 
approximately liner MC gradient from top to 
bottom layers was assumed. Three cases were 
studied. Case A assumed that the ten layers had 
the same LE coefficient. Case B assumed that 
there was an LE coefficient gradient through the 
thickness; LE coefficients of the face layers were 
higher than that of the center layers. Case C as- 
sumed that LE coefficients of the center layers 
were higher than that of the face layers. The rest 
of the properties remained the same as shown in 
Table 1 .  The thickness of board was 0.5 in. in all 
three cases. CD differences among the three 
cases indicate that LE coefficient had a major ef- 
fect on the warp performance. Decreasing LE 
coefficient, or using materials with low LE coef- 
ficient on the faces, will reduce the warp. There- 
fore, it is desirable to place material with low LE 
coefficients on the faces when making wood 
composites. 
MC change is the key parameter to determine 
the linear expansion once a panel is produced. 
Generally speaking, minimizing the MC change 
is the best way to keep panels from warping. For 
a panel with balanced construction, if the MC 
changes through its thickness are constant, there 
TABLE 2. Si~nulatioti I-esults or1 different LE c.oeffic-ients 
MOE Change of the Bottom Layer (%) 
Ccnter Dctlection (in.) 
FIG. 8. Warping performance when MOE values of the I L , ~ ~  = linear expal,\lon coef~,c l rn t .  
hotton1 layer change. 1 M C  = Changz oCrnoi\ture content 
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will be no induced out-of-plane stress. There- 
fore, there will be no warp. But for a panel with 
unbalanced construction, even if MC through the 
thickness changes uniformly, it is still possible to 
have out-of-plane deformation and warping 
problems. 
Balanced-construction composites are not 
necessarily free from warping. For a balanced 
panel, if there is an MC gradient through the 
thickness, the panel will still have a warping ten- 
dency. In the process of MC change, there is usu- 
ally an MC gradient through the thickness. 
Computer simulation based on the new warp 
model was performed to investigate the effect of 
MC gradient on warp. It assumed that the panel 
has initial MC changes as follows: 2% increment 
for layer 1, 1.5% for layer 2, 1% for layer 3, 
0.8% for layer 4,0.6% for layer 5,0.5% for layer 
6, 0.4% for layer 7, and no MC change for the 
last three layers. The panel thickness was 0.5 in., 
and the rest of the layer properties were the same 
as shown in Table 1. The model predicted a CD 
of 5.9 in. When MC gradients increase or de- 
crease by an increment of 20%, the CD changes 
accordingly. Table 3 and Fig. 9 show the simula- 
tion results indicating that increasing the MC 
gradient will increase warp proportionally. 
Efeect of Poisson's rutio 
Increment of Moisture Content Gradient 
FIO. 9. MC gradient effect on warp 
perpendicular to the applied stress. It is an im- 
portant parameter in simulating plane stress for 
layered wood composites. Poisson's ratios for 
wood products have a broad range from 0.01 to 
0.7 (Wood Handbook 1999). They vary between 
species and even within species (with different 
directions). The previous one-dimensional warp 
model (Heebink et al. 1964) neglects Poisson's 
ratio and assumes that the two principal direc- 
tions within each layer are independent. To sim- 
ulate the effect of Poisson's ratio on warp, the 
new warp model was applied to a panel with 
properties shown in Table 1. It was assumed that 
only layer 1 changes its Poisson's ratio and the 
rest of the layers remain the same. Figure 10 
Poisson's ratio is a constant that determines shows that warp increases when the Poisson's 
the deformation caused by stress in the direction ratio of layer 1 increases. If comparing the warp 
Gradlent, 01 Mo~\ tore  Content\ throt~phour the Thicknes\ 
Lover 0 2 0 J 0.6 0.8 I I 2  1 4  I .h 1.8 
CDI (in.) 1.2 2.3 
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when Poisson's ratio in layer 1 equals 0.3 (which 
is common for wood) to warp when Poisson's 
ratio is zero (one-dimensional model), the dif- 
ference is 13%. This result indicates that Pois- 
son's ratio has a significant effect on warp that 
cannot be neglected during warp modeling. 
Effect of slzrar modulus 
Shear modulus is a constant that relates shear 
strain and shear stress. In the mechanics of lay- 
ered composites, shear is assumed to be in-plane 
only and the composite only has in-plane shear 
strain. Since there is no out-of-plane shear strain 
involved during the linear expansion, the value 
of shear modulus does not affect the overall 
warp calculation. There are some in-plane shear 
deformations that might affect measurements of 
in-plane dimensions (length and width), but the 
amount of shear deformations are negligible 
compared to thermal and hygroscopic expan- 
sions. 
Densitl): effect 
Density is not listed as an input parameter in 
the new warp model. For a panel, the density 
will determine its self-weight which will, in fact, 
provide external stresses or moments depending 
upon the boundary conditions of the panel. If the 
panel is placed flat, the self weight will provide 
an external moment that will compensate for 
warping. Computer simulation was performed 
on a panel with layer properties shown in Table 
1. Initially, MC gradient was adjusted so that CD 
would be 10 in. Panel density was allowed to 
vary and the results were observed. Figure I1 
shows the density effect on warp, which indi- 
cates that the heavier panel has more resistance 
to warping. The self-weight had less effect on 
warp in a stiffer panel, because the same moment 
creates less deflection to offset warping. 
Density is believed to have a strong correla- 
tion with MOE and might also be related to LE 
coefficient (Wood Handbook 1999 and Kelly 
1977). Due to its availability, vertical density 
profile (VDP) of a composite panel is commonly 
used to judge whether the panel construction is 
balanced or not. It is practically accepted that if 
the VDP is symmetric, then the panel is regarded 
as having balanced construction. 
Effect of layer orientation 
During construction of plywood or laminated 
wood products, the orientation of each layer may 
be different. Computer simulations based on the 
new two-dimensional model were performed to 
determine the predicted effect of layer orienta- 
tion on warping in a 10-layer board having di- 
mensions of 4 X 8 ft. Initial conditions included 
an MC gradient through the thickness in order to 
induce some warp in the panel (Table 1). It was 
assumed that values of transverse MOE were 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
Poisson Ratio Value for Layer 1 
7 - - - --- I -
0 20 40 60 
Panel Density (pcf) 
FIG. 10. Effect of Poisson's ratio on warp. FIG. 1 1.  Density effect on warp. 
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70% of longitudinal MOE in each layer, and the 
longitudinal direction was in the direction of 
zero degrees. When the orientation of the top 
layer rotates from 0 to 180 degrees, Fig. 12 
shows the warping acts in a sine wave form ac- 
cordingly. The result indicates that when the top 
layer is oriented perpendicularly, the panel ex- 
hibits the minimum warping. 
SUMMARY 
Wood composites under the influence of a 
moisture gradient are modeled as a layered com- 
posite material. Mechanics of layered compos- 
ites was used to investigate warping of wood 
composite panels, and a new two-dimensional 
warping model was developed. After providing 
information about each layer regarding its prop- 
erties and moisture movement, the new model 
can determine panel warping. Computer simula- 
tions based on the model were performed to in- 
vestigate warping behavior. Parameters of 
thickness, MOE, LE, Poisson's ratio, shear mod- 
ulus, density, and orientation of layer were simu- 
lated to develop quantitative relationships with 
warp. The simulation results indicated: 
Thickness has a hyperbolic relationship with 
warp. 
MOE and LE have a complicated relationship 
with warp. Their effects on warp depend on 
construction and location within the panel. 
I Orientation of the Top Layer (degree) 
- - - - - -- I 
Flc, 12 Effect of the top layer orlentatlon on warp 
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Increasing Poisson's ratio has the potential to 
increase warp. 
Shear modulus has no effect on warp. 
If the panel is placed flat, the self weight will 
provide an external moment which compen- 
sates for warping. The negative linear rela- 
tionship between density and warp indicates 
that higher density panels have a higher resis- 
tance to warp. 
Layer orientation has a sinusoidal effect on 
warping as the layer rotates. 
REFERENCES 
BEER, F. P., AND E. R. JOHNSTON. 1992. Mechanics of mate- 
rials. 2nd ed. McGraw-Hill, Inc., New York, NY. 
CLOUTIER,A., G. GENDRON., P BLANCHET, S. GANEV., A N D  
R. BEAUREGARD. 2001. Finite element modeling of di- 
mensional stability in layered wood composites. 35th 
International Particleboard/Composite Materials Sympo- 
sium, April 3-5, 2001, Washington State University, 
Pullman, WA. P. 18. 
H E ~ B I N K ,  B. C., AND H. H. HASKELI.. 1962. Effect of heat 
and humidity on the properties of high pressure laminates. 
Forest Prod. J.  20(11):542-548. 
, E. W. KUENZI, AND A. C. MAKI. 1964. Linear 
movement of plywood and tlakeboards as related to the 
longitudinal movement of wood. Forest Service Research 
Report FPL-073. 
KELLY, M. W. 1977. Critical literature review of relation- 
ships between processing parameters and physical prop- 
erties of particleboard. Gen. Tech. Rep. FPL-GTP-10. 
Madison, Wl: USDA, Forest Prod. Lab. Madison. WI. 
NATIONAL PAK~~CLEBOARD SSOCIATION. 1996. Standard 
method for measurement of warp in particleboard and 
medium density fiberboard. NPA, 18928 Premiere Court, 
Gaithersburg, MD 20879. 
NORRIS, C. B. 1964. Warpage of laminated materials due to 
change in moisture content or temperature. Appendix in 
B. G. Heebink, E. W. Kuenzi, and A. C. Maki. 1964. Lin- 
ear movement of plywood and flakeboards as related to 
the longitudinal movement of wood. Forest Service Re- 
search Report FPL-073. 
SUC-HSLAND, 0. 1990. Estimating the warping of veneered 
furniture panels. Forest Prod. J. 40(9):39-43. 
, AND J.D. MCNATT. 1986. Computer simulation of 
laminated wood panel warping. Forest Prod. J.  
36(11/12):16-23. 
. Y. FENG, A N D  D. XU. 1993. The warping of lami- 
nated particleboard. Wood Science Series, No. 4. Depart- 
ment of Forestry, Michigan State University, East 
Lansing, MI. 
-- . A N D  - . 1995. The hygroscopic 
warping of laminated panels. Forest Prod. J. 45(10): 
57-63. 
C ~ I I  ~rrtd I I I C  ken-MODELING COMPOSITE WARPING 185 
SUN, C. T. 1994. Mechanics of composite materials and WOOD HANDBOOK. 1999. Wood as an engineering material. 
laminates. Lecture notes for AAE 555. School of Aero- Gen. Tech. Rep. FPL-GTR-I 13. Madison, WI: USDA, 
nautics and Astronautics, Purdue University. West Forest Serv., Forest Prod. Lab. Madison, WI. 
Lafayette, IN. Wu, Q. 1999. Application of Nelson's sorption isotherm to 
TONG. Y.. A N D  0. SU~HSI.AND. 1993. Application of finite wood composites and overlays. Wood Fiber Sci. 
element analysis to panel warping. Holz Roh- Werkst. 3 l(2): 187- 19 1 .  
51( 1):SS-57. 
